c Clostridium botulinum is a genetically diverse Gram-positive bacterium producing extremely potent neurotoxins (botulinum neurotoxins A through G [BoNT/A-G]). The complete genome sequences of three strains harboring only the BoNT/A1 nucleotide sequence are publicly available. Although these strains contain a toxin cluster (HA ؉ OrfX ؊ ) associated with hemagglutinin genes, little is known about the genomes of subtype A1 strains (termed HA ؊ OrfX ؉ ) that lack hemagglutinin genes in the toxin gene cluster. We sequenced the genomes of three BoNT/A1-producing C. botulinum strains: two strains with the HA ؉ OrfX ؊ cluster (69A and 32A) and one strain with the HA ؊ OrfX ؉ cluster (CDC297). Whole-genome phylogenic single-nucleotide-polymorphism (SNP) analysis of these strains along with other publicly available C. botulinum group I strains revealed five distinct lineages. Strains 69A and 32A clustered with the C. botulinum type A1 Hall group, and strain CDC297 clustered with the C. botulinum type Ba4 strain 657. This study reports the use of whole-genome SNP sequence analysis for discrimination of C. botulinum group I strains and demonstrates the utility of this analysis in quickly differentiating C. botulinum strains harboring identical toxin gene subtypes. This analysis further supports previous work showing that strains CDC297 and 657 likely evolved from a common ancestor and independently acquired separate BoNT/A1 toxin gene clusters at distinct genomic locations.
C
lostridium botulinum bacteria are genetically diverse, Grampositive anaerobic organisms that produce botulinum neurotoxins (BoNTs), which can cause a severe neuroparalytic illness (botulism) in humans and animals. C. botulinum can be divided into 4 different groups (I to IV) based on 16S rRNA genes and metabolic profiles (1, 2) . Members of group I are proteolytic and produce BoNT types A, B, and F. Members of group II are nonproteolytic and produce BoNT types B, E, and F. Most human cases of botulism are associated with groups I and II (2) (3) (4) (5) . In contrast, cases of botulism among animals are usually caused by group III, which produces BoNT types C and D (6) . Group IV produces BoNT G, which is the least-studied toxin and has not been clearly implicated in either human or animal botulism cases (7) . Other rare Clostridium species (i.e., C. butyricum and C. baratii) are also capable of producing BoNT types E and F, respectively (8) (9) (10) .
Botulinum toxin is among the most poisonous substances known; the estimated lethal dose of crystalline type A toxin for a 70-kg human is between 0.09 to 0.15 g intravenously or intramuscularly, 0.70 to 0.90 g by inhalation, and 70 g orally (11) . Because of its high toxicity, BoNT poses a significant risk to humans and it represents a possible biological warfare agent (11, 12) . Therefore, BoNTs are listed as the highest-risk (category A) threat agents by the U.S. Centers for Disease Control and Prevention (CDC) (http://emergency.cdc.gov/bioterrorism). Despite being dangerous biohazard agents, BoNTs also have therapeutic applications, such as in the treatment of various muscle spasm disorders and for cosmetic purposes (13) (14) (15) .
Genes responsible for BoNT production are located within a neurotoxin cluster arranged into two different conformations (3, 16) . One conformation contains hemagglutinin (HA) genes (ha17, ha33, and ha70), and the other contains orfX genes, which have unknown function (orfX1, orfX2, and orfX3) (2) (3) (4) 17) . The toxin clusters in subtype A1 strains are categorized as HA ϩ OrfX Ϫ (containing HA but not OrfX genes) or HA Ϫ OrfX ϩ BoNT (containing OrfX but not HA genes) (4) .
Recently, several strains (CDC297, CDC51348, CDC1882, CDC1903, and CDC5328) were reported to have a HA Ϫ OrfX ϩ toxin gene cluster producing BoNT/A1 (4) . These strains were shown to be highly clonal (4) . In separate studies, strain CDC297 was shown to be more similar to the subtype Ba4 strain 657 than to other subtype A1-producing strains (HA ϩ OrfX Ϫ ) by amplified fragment length polymorphism (AFLP) (2) and multilocus sequence typing (MLST) (18 Raphael et al. (2008) was shown by PCR to be the same as that of strain CDC51303 (4). In one strain (CDC5328), the toxin gene cluster was localized to the chromosome (20) , although its precise location remained unknown. In contrast, the HA
Ϫ

OrfX
ϩ BoNT/A4 cluster location in strain 657 (a bivalent strain producing toxins subtypes A4 and B5) is located on a plasmid (17, 20) .
Several studies have been conducted to elucidate relationships among various HA Ϫ OrfX ϩ A1 strains in the context of the broader C. botulinum phylogeny (3, 4, 20, 21) . However, no genome sequence has been produced for any of these unique HA Ϫ OrfX ϩ A1 strains. Also, the genomic location and surrounding areas of this BoNT cluster remain unknown. In the present study, we sequenced the genome of strain CDC297, a representative strain of the HA Ϫ OrfX ϩ A1 group, along with two other BoNT/ A-producing C. botulinum strains. We then compared these newly sequenced genomes to other previously sequenced group I C. botulinum genomes by reference-free genome-wide single-nucleotide-polymorphism (SNP) analysis.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study (32A, 69A, and CDC297) are listed in Table 1 . These C. botulinum strains were grown on Trypticase-peptone-glucose-yeast extract (TPGY) and cooked meat medium (CMM) and incubated anaerobically at 37°C for 72 h. CMM cultures from each sample were inoculated by evenly spreading 100 l on solid botulinum selective medium (BSM) and incubated anaerobically at 37°C for 72 h. Single colonies were inoculated in TPGY medium for DNA extraction.
DNA extraction and quantification. Genomic DNA from each strain was isolated from overnight cultures using the DNeasy Blood & Tissue kit (Qiagen, Valencia, CA). The quality of the DNA was checked using a NanoDrop 1000 (Thermo Scientific, Rockford, IL), and the concentration was determined using a Qubit double-stranded DNA BR assay kit and a Qubit fluorometer (Life Technologies, Grand Island, NY) according to each manufacturer's instructions.
WGS, contig assembly, and annotation. For whole-genome sequencing (WGS), the genomes were sequenced using Ion Torrent (PGM) sequencing with the 200-bp template (Ion OneTouch 200 Template kit v2 DL) and sequencing (Ion PGM Sequencing 200 kit v2) kits (Life Technologies) according to the manufacturer's instructions at approximately 20ϫ coverage. The libraries were constructed using 2 g of genomic DNA previously sheared using a Covaris E220 Focused-ultrasonicator (Covaris, Inc., Woburn, MA) according to a protocol to generate an average of 200 bp and the SPRIworks Library Preparation System III (Beckman Coulter, Indianapolis, IN). These libraries were bar coded using the Ion Xpress Barcode Adapters 17-32 kit (Life Technologies). The resultant libraries were diluted to the recommended concentration determined by quantitative PCR (qPCR; Life Technologies) and used as the templates for emulsion PCR (emPCR) according to each manufacturer's instructions. The enriched emPCR results were loaded onto a 318 chip and sequenced using the Ion PGM 200 sequencing kit according to the manufacturer's instructions. The initial analysis and identification of each strain were performed using a reference mapping approach (CLC Genomics Workbench software version 6; CLC bio, Germantown, MD, USA) against all C. botulinum genomes available in the NCBI database.
In addition, genomic reads for all the strains were de novo assembled using Newbler (454 Life Sciences, Roche, Branford, CT). Toxin cluster identification was performed using a reference mapping approach (CLC Genomics Workbench software version 6). The contigs were reorganized by Mauve analysis (http://gel.ahabs.wisc.edu/mauve), using the C. botulinum genome identified as the closest relative: for example, 32A and 69A were most closely matched to C. botulinum A strain ATCC 3502, and thus contigs were reorganized using this genome as the reference. In the case of CDC297, the closest match was C. botulinum Ba strain 657, and contigs were reorganized using this genome as the reference.
In silico MLST phylogenetic analysis. MLST analysis was conducted using seven loci (aroE, mdh, aceK, oppB, rpoB, recA, and hsp) described previously for type A C. botulinum strains (18) . The sequence for each allele was obtained using a reference mapping approach (CLC Genomics Workbench software version 6). Numbers for alleles and sequence types (STs) were assigned according to the MLST database created for C. botulinum (http://pubmlst.org/cbotulinum/). The maximum likelihood tree was constructed based on the Kimura 2-parameter model (22) using concatenated sequences of the seven genes with MEGA5 software (23) with 1,000 bootstrap replicates.
Phylogenomic analysis. Two analyses were performed. First, a broad set of Clostridium isolates were analyzed to provide an evolutionary context for the group I strains. This taxon set included one strain each for C. novyi, C. perfringens, and C. tetani and 20 diverse strains for C. botulinum. A matrix including all SNPs was determined using the program kSNP v2 (24) (k-mer length, 25), which uses a k-mer approach to SNP recovery. Because these genomes were so divergent, they shared very few core SNPs, so all of the SNPs were used for the broader analysis. The all-SNP matrix was used to reconstruct the maximum likelihood phylogeny using RAxML (25) with the following parameters: -N autoMRE -f a -m GTRCAT. The second analysis focused on group I C. botulinum strains. Our taxon sampling included 3 newly sequenced strains in addition to 14 publicly available genomes (see Table S1 in the supplemental material) comprising a data set of 17 draft and complete genomes. A core SNP matrix was determined with kSNP, using the same k-mer length of 25. The ML phylogeny was reconstructed using RAxML and rooted with C. botulinum subtype A3 strain Loch Maree (see Fig. 2 ). There are several advantages to using kSNP, which is a reference-free method of identifying genome-wide SNPs. First, the kSNP approach to gathering reference-free SNPs for downstream phylogenetic analysis has been shown to be effective for microbial-scale phylogenomic analysis (26, 27) . Second, it is not sensitive to assembly error because the putative SNPs are extracted from k-mers (one SNP per 25-mer in our analysis), which effectively eliminates any influence of assembly. Third, the algorithm behind SNP identification is especially conservative to common pyrosequencing errors, such as homopolymeric runs commonly observed for 454 and Ion Torrent. If an insertion or deletion is present in a region, the resulting 25-mer will no longer match the other homologous k-mer regions, and thus the SNP will appear to be missing in that taxon. In addition, kSNP omits k-mers where all SNPs are in the center of a homopolymer repeat (24) . The approach we have used is conservative, and repeat regions do not factor into our analysis, as the k-mers comprising such regions will not be unique and thus are not used in the analysis.
In silico toxin cluster analysis and location. In order to assess the organization of the toxin gene cluster and its insertion site in strain CDC297, the contig containing the HA Ϫ OrfX ϩ BoNT/A1 cluster was annotated using the RAST server (28) . The contig containing the HA Ϫ OrfX ϩ BoNT/A1 cluster was also annotated in strain NCTC 2916 (accession number NZ_ABDO02000001). Both regions were compared to the chromosomally located arsR-containing region in strain 657 (accession number CP001083.1).
Nucleotide sequence accession numbers. The draft genome sequences of the C. botulinum strain are available in GenBank under accession numbers AQPT00000000 (strain 32A, CFSAN002367), AQPU00000000 (strain CDC297, CFSAN002368), and AQPV00000000 (strain 69A CFSAN002369). 
RESULTS AND DISCUSSION
Draft genome assemblies. Draft genomes were generated for the three C. botulinum type A1 strains analyzed in this study: 32A, 69A, and CDC297. These draft genomes provided coverage of 26ϫ, 18ϫ, and 21ϫ, respectively. Contigs for each strain were de novo assembled, and the number of contigs, sequence lengths, and other assembly statistics for each strain are summarized in Table 2 .
The genome sizes for 32A, 69A, and CDC297 varied between 3.6 Mb and 3.9 Mb, which is similar to what has been described for other group I C. botulinum strains (see Table S1 in the supplemental material). None of these strains appear to carry any known plasmids, as BLAST analysis of all contigs showed no match to plasmids in GenBank. A fast comparison by genome reference mapping to other C. botulinum sequences in GenBank (www.ncbi.nlm.nih.gov), using CLC Genomics Workbench (CLC Bio), identified strains 32A and 69A as being similar to type A1 strains of C. botulinum, such as strain ATCC 3502 (data not shown). In contrast, CDC297 was identified as being most similar to the C. botulinum Ba strain 657.
This finding confirms prior reports suggesting that strains CDC297 and Ba 657 are highly related (4, 18) .
Phylogenetic analysis of C. botulinum genomes. Analysis by in silico multilocus sequence typing (MLST) determined that strains 32A, 69A, and CDC297 belonged to two previously described STs (see Table S2 in the supplemental material). A comparison with other STs described for C. botulinum group I strains in the MLST database for C. botulinum (http://pubmlst.org /cbotulinum/) showed that strains 69A and 32A were indistinguishable from most subtype A1 strains (ST1). However, MLST analysis showed that CDC297 belongs to ST18. The C. botulinum MLST database currently holds only 2 isolates in ST18: one type A1 (CDC5328) and one type B (89E00061-2). A maximum likelihood tree including selected strains with similar and/or related STs showed that ST18 (CDC297) and ST7 (Ba 657) were highly related (Fig. 1) . Moreover, ST18 and ST7 differed by only 1 SNP in the hsp allele.
We were able to further elucidate what was observed by MLST using both a reference-free genome-wide SNP analysis for the broader-context C. botulinum phylogeny and the more narrowly focused analysis for C. botulinum group I. A 271,571-bp all-SNP matrix was used to reconstruct the broader Clostridium phylogeny (see Fig. S1 in the supplemental material). This tree reveals C. botulinum to be highly diverse and polyphyletic (see Fig. S1 in the supplemental material). C. novyi is nested within paraphyletic C. botulinum group III. C. perfringens is sister to C. botulinum group II, and C. botulinum group I appears to be more closely related to C. tetani than to other C. botulinum groups. Based on this broader-context phylogeny, we were able to choose an appropriate outgroup for our narrowly focused C. botulinum group I analysis: C. botulinum A3 Loch Maree. A 25,555-bp core-SNP matrix was used to reconstruct the group I core SNP phylogeny (Fig. 2) , which revealed five highly supported lineages. Our newly sequenced C. botulinum strains 32A and 69A cluster with other A1 strains in lineage 5 that contain the toxin gene cluster (HA ϩ OrfX Ϫ BoNT). a N50 is calculated by summarizing the lengths of the biggest contigs until 50% of the total genome length has been reached. The minimum contig length in this set is the number that is usually used to report the N50 value of a de novo assembly. It is a measure of assembly quality.
FIG 1
In silico MLST analysis of the strains sequenced in this study. Maximum likelihood tree using concatenated sequences for seven loci (3,619 bp) for the 3 strains sequenced in this study and the closest relatives available in the C. botulinum MLST database and rooted on one A3 strain (CDC/A3). The bootstrap values are shown on the branches. In red font are the strains sequenced in this study.
However, C. botulinum strain CDC297 clustered in lineage 2 along with strains that have a variety of BoNT toxin gene types (A1, A4, F, and B) and toxin gene clusters (Fig. 2) . The analysis of the strain CDC297 genome supports previous analyses by AFLP (2) placing this strain in close relationship with strain Ba 657 and suggests that both strains, as well as C. botulinum Bf, arose from a common ancestor. Furthermore, the presence of different toxin gene clusters among these strains with related genomic backgrounds supports previous reports that different toxin gene clusters may have been acquired through horizontal transfer (16, 29) .
Most lineages were represented by more than one strain, except lineage 1, which contained a single strain, Loch Maree. The existence of 5 lineages within C. botulinum group I indicates a high diversity among members of this group (Fig. 2) . The sources of this diversity become clearer through WGS, which documents the phages and plasmids that augment their genome. Similar patterns were observed in comparative analyses of strains of C. botulinum group I producing different toxin types using a DNA microarray containing 94% of predictive coding sequences (CDS) of C. botulinum ATCC 3502 (21) . Most of these lineages contained strains exhibiting a variety of different toxin types or cluster conformations, further increasing the diversity already observed in their core genomes (unique SNPs for each lineage) and pangenome. The only exceptions were lineages 1 and 5; as previously discussed, in our analysis, lineage 1 contained only a single strain, while lineage 5 was composed of 5 strains, each of which exhibited the same toxin subtype (A1) and toxin cluster (HA ϩ OrfX Ϫ ). This suggests that, in contrast to other lineages (such as 2, 3, and 4, which probably diverged before their characteristic toxin clusters were acquired), lineage 5 strains diverged recently from their common ancestor after acquiring the toxin cluster. More strains belonging to lineage 5 need to be sequenced in order to understand the confidence level of these findings (21) .
Many of our findings help explain why microarray comparisons of CDC297 (4), F9604A and MUL0109ASA (19) , and similar strains to ATCC 3502 (4, 19) have detected so many insertion/ deletions, although the strains contained a BoNT/A1 gene; both the toxin cluster organization and the genomic backgrounds of these strains were not the same. We show that strain CDC297 and probably others in the same clonal group (based on their genetic similarity) (4) are more closely related to C. botulinum Ba strain 657, which is quite divergent from HA ϩ OrfX Ϫ BoNT/A1-pro- Table 1 and in Table S1 in the supplemental material. Bootstrap support is 100% for all branches (see Fig. S2 in the supplemental material). The numbers above each branch and after each taxon ID (in parentheses) are the numbers of SNPs unique to that lineage/strain. In green font are the strains sequenced in this study.
ducing C. botulinum strains, such as Hall and ATCC 19397. The genetic relationship between HA Ϫ OrfX ϩ BoNT/A1 strain CDC297 (together with the 4 other genetic related strains) (4) and the two other reported HA Ϫ OrfX ϩ BoNT/A1 strains, F9604A and MUL0109ASA (19) , is unknown; however, they all appear to be highly related since they all clustered with C. botulinum Ba strain 657 and Bf strains (4, 19) . Our analyses indicate that strains CDC297, Ba 657, and Bf are more related and probably evolved from a common ancestor. The future availability of sequence genomes for all the other HA Ϫ OrfX ϩ BoNT/A1 strains will help clarify how related they are to each other.
Comparative genomics: C. botulinum strain CDC297. In addition to analyzing the phylogenetic placement of the three strains sequenced in this study, we identified differences in their genomic compositions. Moreover, we compared the genomic composition of strain CDC297 with the previously reported genome sequence of Ba strain 657.
Strains 32A and 69A share a high level of similarity with other fully sequenced C. botulinum representatives, for example, ATCC 3502 (21) (Fig. 3B and C) . In our analyses, CDC297 showed a high resemblance to the Ba 657 strain in chromosome content, although major differences were observed in numerous sites, including within the toxin cluster location. The difference between the sizes of strains CDC297 and Ba 657 may be attributed to the presence of several additional phages in Ba 657, resulting in a relatively smaller chromosome for CDC297, by ϳ129,509 bp (ϳ3,848,285 versus 3,977,794 bp, respectively). Comparison of the genome sequences between these two strains revealed phagerelated gene content differences (Fig. 3A) . For example, we identified (i) a phage in Ba after the nimB (5-nitroimidazole antibiotic resistance protein) position between bp 1,396,660 and 1,436,600 of the Ba genome, (ii) another phage positioned between bp 1,810,000 and 1,853,700, (iii) another phage positioned between bp 1,874,000 and 1,910,000, and (iv) a genome region between bp 2,071,080 and 2,080,748. All of these phage-related genes were absent in strain CDC297. Also, Ba 657 carried two plasmids, while CDC297 lacked plasmids. Other differences in sequence regions are illustrated in Fig. 3A .
Identification of the neurotoxin cluster genes and their arrangements in CDC297, 32A, and 69A. Previous studies have identified five different A toxin types (3, 4, 30) . The neurotoxin cluster organization and location were determined for each strain ( Table 1 ). According to Hill et al. (16) , type A toxin clusters in the chromosome are typically located at one of two sites: the arsC operon and the oppA-brnQ operon. In the three strains examined in this study, the toxin clusters were found in single large contigs (66,869 bp for CDC297, 56,882 bp for 32A, and 90,368 bp for 69A) containing mostly chromosome-borne genes. Furthermore, in 32A and 69A the toxin cluster was located in the oppA-brnQ operon and in the case of CDC297 in the arsC operon; both operons are located in the C. botulinum chromosome. These results, together with the lack of observed plasmids and previous analyses performed on CDC297 (20) , allow us to place the genomic location of these clusters in the chromosome of all strains analyzed.
The nucleotide sequences of the BoNT/A1 genes determined in this study were compared to previously reported BoNT/A1 sequences. The BoNT/A1 gene from CDC297 differed from that found in C. botulinum strain ATCC 3502 at five different sites, confirming previous results from Sanger sequencing (4). In contrast, the genes from strains 32A and 69A were identical to that from C. botulinum strain ATCC 3502. The HA Ϫ OrfX ϩ BoNT/A1 toxin gene cluster (14,360 bp) of CDC297 was different at only 6 sites compared to the same cluster described for strain CDC5328 (3) (see Table S3 in the supplemental material). The HA ϩ OrfX Ϫ BoNT/A1 toxin gene clusters of strains 32A and 69A were identical to the one in C. botulinum strain ATCC 3502. Analysis of the region containing the toxin cluster in CDC297. Sequencing of strain CDC297 gave us the unique opportunity to examine the integration site of its unusual subtype A1 toxin cluster. This region was not identical in CDC297 and in Ba 657 (its presumed closest relative) because the toxin genes were found in the chromosome and in a plasmid, respectively. The toxin cluster for CDC297 was found in the arsC operon, which is consistent with reports for other toxin clusters:
BoNT/F in C. botulinum strain Langeland, HA Ϫ OrfX ϩ A1 in C. botulinum strain NCTC 2916, and HA Ϫ OrfX ϩ A2 in C. botulinum strain Kyoto (16) . However, we found that the gene following the toxin gene cluster was lycA, which is similar to that found in strain NCTC 2916 (which contains a BoNT/A1 gene with different nucleotide variations from those in strain CDC297). Closer analyses of the chromosomal location of the toxin region showed that CDC297 and NCTC 2916 appeared to be identical in gene organization, and both differed greatly from strain Ba 657 (Fig. 4) . The toxin cluster of CDC297 was located in the arsC operon (chromosome), while Ba 657, which is bivalent, had both its toxin clusters located in the plasmid pCLJ (accession number NC_012654).
Despite the phylogenetic differences between CDC297 and NCTC 2916, Fig. 4 shows a high similarity of their toxin clusters and surrounding genes, suggesting that this entire region was acquired by C. botulinum strain CDC297 or NCTC 2916 via horizontal transfer from a similar source. It is noteworthy that most strains containing a toxin cluster in the arsC site also contain the entire arsenate resistance operon (arsC-1, arsR, arsD, arsA, and arsB) (16) . This is similar to what has been observed for all HA ϩ OrfX Ϫ A1 strains; other strains lacking a toxin cluster in this position also lack most of the genes in the ars operon (16) . Strains without these arsenic resistance genes are more sensitive to arsenic (31) . It is possible that the gain of the HA Ϫ OrfX ϩ BoNT toxin cluster might have occurred using the ars operon as a homologous insertion region. This would, in turn, explain the observed lack of toxin clusters in that location among those strains without the entire ars operon and suggest the possibility that C. botulinum subtype A1 strains with the HA ϩ OrfX Ϫ toxin gene cluster (located at the oppA site) are capable of acquiring the HA Ϫ OrfX ϩ BoNT toxin cluster, since their ars operons are intact. As an example, NCTC 2916 strain contains the HA Ϫ OrfX ϩ BoNT/A1 toxin gene cluster at the ars operon and the HA ϩ OrfX Ϫ BoNT/B toxin gene cluster at the oppA site (16) .
Conclusions. This study reports the use of whole-genome SNP sequence analysis for discrimination of C. botulinum group I strains and demonstrates the utility of this analysis in quickly differentiating C. botulinum strains harboring identical toxin gene subtypes. It also shows that C. botulinum group I can be divided further into 5 different lineages. These findings reinforce previous theories about genomic plasticity more specifically in C. botulinum and the likely acquisition of BoNT clusters by horizontal transfer and shows that phages are implicated in this plasticity as has been observed for other C. botulinum group I strains (21) . Additional WGS analyses may help to further differentiate C. botulinum strains previously reported to be indistinguishable by pulsed-field gel electrophoresis (PFGE) and MLST (4, 18) .
This work highlights the utility of genome-wide SNPs instead of traditional MLST for C. botulinum subtyping. In this study, we identified 3,817 unique SNPs differentiating lineage 2 from the other C. botulinum group I lineages. Furthermore, we identified 2 orders of magnitude more SNPs that differentiated strain CDC297 from strain Ba657, whose sequence types (STs) differed by only a single SNP. WGS data analyses provided valuable insights about the nature of other food-borne bacterial pathogens, including the Salmonella enterica serotype Montevideo outbreak ϩ BoNT/A1) genes and surrounding genes found in type A1 strain CDC297 and type A(B) strain NCTC 2916 compared to the same region in type Ba4 strain 657. The toxin gene cluster in these strains is inserted into the ars operon. C. botulinum Ba4 strain 657 lacks the presence of a toxin gene cluster in this region, and the organization of the ars operon is divergent compared to that of strains NCTC 2916 and CDC297. The dashed line between arsR and thyA in strain 657 represents omitted genes present at positions 841,046 to 845,955, which do not share similarity to intervening genes present in strain NCTC 2916 or CDC297. Vertical dotted lines indicate similar genes between the strains shown.
in 2010 (32, 33) , Vibrio cholerae in Haiti in 2010 (34) , Escherichia coli O104:H4 in Germany in 2011 (35) , and Salmonella Enteritidis in the United States in 2010 (36) . Because C. botulinum is polyphyletic, care should be taken to focus on specific monophyletic lineages for epidemiological tracking of this bacterium. Reference-free SNP analysis is well suited to this organism since (i) complete reference genomes are lacking for several serotypes/subtypes and (ii) there are genome organizational differences even among very similar strains encoding the same toxin subtype (37) . Continued sequencing of C. botulinum genomes isolated from many different sources and over several years will help establish a more comprehensive database allowing improved source tracking as well as a clearer understanding of the evolution of this important food-borne pathogen.
